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MEMORY COMPRESSION 

This application claims priority to Provisional US. Patent 
Application 60/577,386 ?led Jun. 4, 2004, Which is incorpo 
rated herein by reference. 

BACKGROUND 

The invention enables siZe and cost reductions for loW-cost 
electronic devices based on embedded microprocessors With 
memory requirements for ?xed data such as look-up tables or 
programs. 

Electronic devices often use microprocessors to perform a 
variety of tasks ranging from the very simple to the very 
complicated. When a device, such as a remote control device, 
a mobile device, etc., is designed for a speci?c function or 
functions, the programs corresponding to those functions are 
usually, once development is complete, stored in a Read Only 
Memory (ROM). Other ?xed data may also be stored in 
ROM, such as a look-up table for values of some function 
required for computation, such as an exponential or logarithm 
function, or trigonometric functions. 
A loW cost and compact form of ROM is Mask Pro 

grammed ROM. In a Mask-Programmed ROM, the address is 
decoded to provide a logic level on one of a number of signal 
lines corresponding to the address. The address lines cross the 
bit lines corresponding to the desired output Word, and a 
transistor is placed at the crossing of every address line and bit 
line Where a binary “1” is the desired bit output for that 
address. Such a ROM is in fact equivalent to a gigantic OR 
gate for each output bit, determining it to be a “1” if address 
A1.0R.A2.0R.A3 . . . is active, else determining it to be a “0”. 

The transistors used to indicate a stored ‘1’ provide the 
inputs to each multi-input OR gate. FIG. 1 shoWs such a 
ROM, Wherein a Word of length 32 bits is stored against each 
of 1024 addresses. Where a larger memory is desired, the 
pattern of FIG. 1 may be repeated to form successive roWs of 
1024 Words, and roW-select lines are provided to enable out 
put from a selected roW, Which, together With activation of a 
particular column address line, selects a particular Word. 

The transistors are placed by means of a custom-designed 
diffusion and/or contact and/or metalliZation mask used dur 
ing the fabrication process, adapted for the desiredbit pattern. 
Since mask-making is expensive, this is used only When the 
ROM contents are expected to be ?xed for high volumes of 
production units. Other forms of memory, such as Electroni 
cally or UV-erasable and Reprogrammable Read Only 
Memory (EAROM, EEROM, EPROM, “FLASH” memory, 
etc.) and other more recent non-volatile memory develop 
ments such as ferroelectric memory are therefore more usu 

ally selected in preference to Masked ROM because of the 
convenience that the memory may be manufactured before 
the desired contents are knoWn and ?lled later, as Well as 
modi?ed in-service. It might be said that the silicon area and 
consequent co st advantage of Mask Programmed ROM have 
to date not been su?icient to outWeigh the convenience of 
in-situ programming. 
Some solutions that could give the advantages of Masked 

ROM While preserving some ?exibility comprise storing 
mature sections of program, i.e., subroutines, or ?xed tables 
for mathematical functions or character set displays in 
Masked ROM, but linking and invoking them by a smaller 
program in reprogrammable memory. That Way, if a Masked 
ROM routine needs to be replaced, the replacement routine 
only need be placed in reprogrammable memory and the 
Masked-ROM version bypassed, a process knoWn as “patch 
ing”. HoWever, the area advantages of Masked ROM have 
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2 
still not been suf?cient to encourage Widespread use of this 
technique. Thus, there is a need for ?xed-content memory that 
is signi?cantly more compact and economic than Masked 
ROM has been hitherto. 

SUMMARY 

Exemplary embodiments of the present invention comprise 
a method for compressing data for storage in a memory. 
According to one embodiment, the method comprises form 
ing a set of values based on a monotonically ordered series of 
look-up table values. For one or more paired values in the set, 
the exemplary method generates a difference of the values in 
the pair. After replacing one of the values in the pair With a 
value based on the differences to modify the set, the exem 
plary method stores ?nal values based on the modi?ed set in 
memory. 

According to one embodiment, the remaining values in the 
modi?ed pairs remain unaltered. After this ?rst iteration, ?nal 
values based on the modi?ed set are stored in memory. Alter 
natively, additional iterations may be performed to further 
compress the data storage. For example, in a second iteration, 
the exemplary method forms pairs betWeen the unmodi?ed 
values and forms pairs betWeen the modi?ed values, and 
generates neW differences of the values in the neW pairs. 
Subsequently, the exemplary method modi?es the current set 
by replacing one of the values in the pairs With a value based 
on the differences. This process repeats until the predeter 
mined number of iterations has been completed. After com 
pleting the ?nal iteration, ?nal values based on the modi?ed 
set of values produced by the ?nal iteration are stored in 
memory. 

According to another embodiment, the remaining values in 
the modi?ed pairs are replaced With values generated based 
on the sum of the values in the pair. After this ?rst iteration, 
concatenating the sum and difference of each pair generates 
the ?nal values. Alternatively, additional iterations may be 
performed to further compress the data storage. For example, 
in a second iteration, the exemplary method forms pairs 
betWeen the sum values and forms pairs betWeen the differ 
ence values, and generates neW sums differences of the values 
in each of the neW pairs. This process repeats until the prede 
termined number of iterations has been completed. After 
completing the ?nal iteration, concatenating the sums and 
differences corresponding to the pairings of the ?nal iteration 
generates the ?nal values. 

In one embodiment, a ROM for storing a number 
quantities of Word length L1 is compressed from a total siZe of 
L1><2Nl bits to a ROM that stores 2N2 Words of L2 bits, a total 
of L2><2N2 bits, Where L2>L1 and N2<N1, by use of an 
inventive algorithm. 
One application is for providing a look-up table for a regu 

lar function F(x) Where the table is addressed by a binary bit 
pattern corresponding to x and outputs the value F pre-stored 
at that location. In this case, a ?rst order compression replaces 
alternate values of the function With their delta values from 
the preceding address. Alternatively, each pair of adjacent 
values may be replaced by their sum, With the least signi?cant 
bit (LSB) discarded, and their difference. When the function 
is regular, the difference betWeen successive values is much 
smaller than the function value itself and therefore can be 
stored in feWer bits. 
A 2'” order algorithm can comprise repeating the compres 

sion procedure, taking as input the array of even-address 
values from the ?rst stage, and separately the odd-address 
delta-value array, thereby obtaining a function value, tWo ?rst 
order differences and a second order difference in replace 
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ment for four function values. The second order differences 
are usually even smaller than the ?rst order differences, and 
therefore can be stored using even feWer bits than the ?rst 
order differences, achieving further compression. A system 
atic procedure is disclosed for constructing compression 
algorithms of higher order using a Fast Walsh Transform 
based on a modi?ed Butter?y operation in Which the LSB of 
the sum term is discarded. Values are reconstructed using the 
inverse transform upon reading the ROM. 
A second implementation stores blocks of numerically 

adjacent values by storing a common or nearly common most 
signi?cant bit (MSB) pattern and different LSB patterns, thus 
reducing the average number of bits per value stored. It can 
alloW more convenient block siZes, i.e., regular block siZes, if 
the common most signi?cant bit patterns in a block are 
alloWed to differ by up to + or —1. Extra bits associated With 
the least signi?cant parts then determine if the common most 
signi?cant part must be incremented or decremented for a 
particular retrieved value, or not. The second implementation 
alloWs simpler reconstruction than the ?rst implementation. 

The present invention also comprises memory for storing a 
plurality of look-up table values, Where each look-up table 
value is associated With an address comprising a plurality of 
address symbols. One exemplary memory comprises a 
decoder, an encoder, and one or more patterns of crisscrossed 
interconnect lines. The decoder generates an enable signal for 
one of the decoder outputs by decoding one or more of the 
plurality of address symbols, While the encoder generates an 
output Word based on the enable signal. The patterns of criss 
crossed interconnect lines connect each of the decoder out 
puts to an encoder input. To reduce the siZe of the memory, 
some aspects of the present invention form the patterns of 
crisscrossed interconnection lines using one or more planar 
layers of conductor tracks vertically interleaved With isolat 
ing material to utiliZe the vertical dimension of the memory. 
One exemplary use for this memory alloWs compressing 

memory siZe for storing values of an irregular function, or 
even storing random values, such as computer program 
instructions. In this case, the inventive algorithm operates on 
the function or data values in a sorted numerical order, Which 
can be achieved by permuting address lines on the chip in a 
?xed pattern. The compression procedures described for 
regular functions can then be used to replace certain absolute 
data values With their deltas relative to the closest absolute 
data value stored anyWhere, using feWer bits to store the 
deltas than to store absolute data values. Where tWo or more 
adjacent values are identical, they may be compressed to one, 
and the corresponding address lines merged using an OR gate 
input. Each OR gate input requires one transistor, and is thus 
equivalent to a memory bit in terms of silicon area occupied. 

Reconstruction of an addressed value that has been com 
pressed using an algorithm of order M comprises reading a 
Word of length L2 bits Whenever one of M adjacent address 
lines is activated. Then, its constituent parts comprising a base 
value, ?rst order and higher differences are combined accord 
ing to Which of the address lines is active. Each group of M 
address lines may be combined using an M-line to log2(M) 
line priority encoder to obtain log2(M) bits for systematically 
enabling reconstructive combinatory logic. 

Using the invention, ROM silicon area can be reduced 
typically by a factor betWeen 2 and 5 depending on the order 
of the algorithm and the amount of reconstructive combina 
torial logic used. Bit-exact reconstruction alWays occurs, as is 
of course required When the compressed data is a computer 
program. 

In a second aspect of an exemplary memory implementa 
tion, compression of random ROM contents is achieved by 
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4 
sorting the data into numerical order by permuting address 
lines. Storing the same number of bits of information With 
feWer actual bit elements in the ROM than information bits is 
possible because information is effectively stored Within the 
permutation pattern. Because it is possible to accommodate 
on a chip very many layers of interconnection patterns sepa 
rated by insulating layers, a large number of different permu 
tation patterns of address lines may be fabricated, each con 
taining information, thereby utiliZing the vertical dimension 
to store an increased amount of information. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a mask programmed Read Only Memory 
(ROM). 

FIG. 2 illustrates a plot of one exemplary regular function. 
FIG. 3 illustrates one exemplary compression algorithm. 
FIG. 4 illustrates exemplary reconstruction logic. 
FIG. 5 illustrates a plot comparison betWeen a true mono 

tonic function and an exponential approximation. 
FIGS. 6A-6D illustrate one exemplary process for elimi 

nating a ?rst layer of a Butter?y circuit for reconstructing 
stored data. 

FIG. 7 illustrates a conventional MOS transistor. 
FIG. 8 illustrates the construction of one exemplary 

memory circuit. 
FIGS. 9A and 9B illustrate one exemplary roW address 

decoder. 
FIG. 10 illustrates one exemplary process for arranging 

stored data in a sorted order. 
FIG. 11 illustrates one exemplary implementation for a 

memory using ?rst-order compression of random data. 
FIGS. 12a-12C illustrate one exemplary implementation 

for address decoding. 
FIG. 13 illustrates one exemplary priority encoder. 
FIGS. 14A and 14B compare exemplary encoder and 

decoder combinations. 

DETAILED DESCRIPTION 

Firstly, an exemplary application of the invention Will be 
described in Which a look-up table is required for values of a 
regular function, e.g., a monotonically increasing function, 
desired for a particular computation. Equation (1) represents 
the exemplary function as: 

Fa(x):loga(l+a"), (1) 

Where “a” is the base of the logarithms. This function is 
encountered in logarithmic arithmetic as described in US. 
patent application Ser. No. 11/142,760, now US. Pat. No. 
7,689,639, and Ser. No. 11/142,485, now US, Pat. No. 7,71 1, 
764, both of Which Were ?led 1 Jun. 2005, and both of Which 
are incorporated herein by reference. 
A plot of this function for base-2 is shoWn in FIG. 2, for 

values of x betWeen 0 and 16383 divided by 512, i.e., values 
of x With nine bits to the right of the binary point and 5 bits to 
the left of the point. The function is plotted versus the comple 
ment of 512x, denoted by XM, divided by 512, Which ranges 
from 0 to 32 and gives a monotonically increasing function 
value as the argument KM is increased. The desire is to pro 
vide fast access to the function value With an accuracy of 23 
binary places, for any of given x value from the 16384 pos 
sible discrete tabular points. Alternatively base-e may be 
used, in Which case similar accuracy is achieved With 24 
binary places. 
The uncompressed look-up table for the latter Would com 

prise 16384, 24-bit Words, a total of 393216 bits. The values 
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of the Words should be rounded to the nearest LSB, a fact 
Which Will have a signi?cance described later. However, 
Whatever those values are, any compression and decompres 
sion algorithms applied to these look-up table values are 
required to reproduce the desired rounded values in a bit 
exact manner. 

For values of x greater than 17.32, the function is Zero to 
24-bit accuracy in the base-e case, and is Zero in the base-2 
case When x>24. This may be taken as F(x):0, for x>24, i.e., 
x>11xxx.xxxxxxxxx or XM<00xxxxxxxxxxxx; therefore 
values are only needed for XM>001 1 1 11 1 11 1:4095. This is 
particular to the exemplary function hoWever, so Will not be 
dWelt on here; rather, the provision of all 16384 values Will be 
considered. 

The difference betWeen successive values for only 1 least 
signi?cant bit difference in the argument KM is obviously 
much smaller than the function itself, and so can be repre 
sented by feWer bits. This observation is true for any smooth 
function. Therefore, a ?rst order compression algorithm com 
prises storing 24-bit values only for even address values of 
KM, and in an odd address, storing the delta-value from the 
previous even value. 

Direct computation for the exemplary function shoWs that 
the highest delta encountered is 16376 (times 2'24), Which 
can be accommodated Within a 14-bit Word. Therefore, the 
ROM can be recon?gured as 8192 Words of 24 bits and 8192 
Words of 14 bits. Only the 24-bit value is required for an even 
address XM, and both the 24-bit and the 14-bit value are 
required to be read and added for an odd address YM. The 
ROM has thus been compressed from 16384><24I393216 bits 
to 8192><(24+14):311296 bits, a saving of 21%, or a com 
pression to 79% of the original siZe. 
A second order algorithm can be derived by applying the 

process of replacing pairs of adjacent values by a value and a 
delta-value to the ?rst array of 8192 24-bit values and sepa 
rately to the second array of 8 1 92 14-bit delta-values. The ?rst 
application yields delta-values tWo apart in the original func 
tion, Which are roughly double the single-spaced deltas, so 
requiring 15-bits of storage; the second application of the 
algorithm to the array of 14-bit ?rst-order deltas yields sec 
ond-order deltas, Which theoretically should be in the range 0 
to 31, requiring 5 bits. Due to the above mentioned rounding 
of the function to the nearest 24 -bit Word hoWever, the range 
of the second-order deltas increases to —1 minimum to 33 
maximum, requiring 6 bits of storage. This arises because one 
value may be rounded doWn While the adjacent Word is 
rounded up, so increasing (or decreasing) the delta by 1 or 2. 

The ROM siZe has noW been reduced to 4096 each of 24, 
15, 14 and 6-bit values, a total of 4O96><59I241664 bits, a 
saving of 39%, or a compression to 61% of the original siZe. 
Reconstruction of a desired value comprises addressing the 
4096><59-bit ROM With the most signi?cant 12 bits ofXM to 
obtain the four sub-Words of length 24, 15, 14, and 6-bits 
respectively; then the least signi?cant 2 bits of KM are used to 
control reconstruction of the desired value from the four 
sub-Words as folloWs: 

Denoting the 24, 15, 14, and 6-bit values by F, D2, D1, and 
DD respectively, for KM LSBs:00, the desired value is F 

01 
10 
11 

Forming F+D1 requires a 14-bit adder; forming F+D2 
requires a 15-bit adder, and forming D2+DD requires a 6-bit 
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6 
adder. Therefore, 35 bits of full adder cells are needed to 
reconstruct the desired value. In the case of the exemplary 
function, the DD range of —1 to +33 can be shifted to 0 to 34 
by reducing the stored 15-bit D2 value by 1, and using the 
rule: 

for KM LSBs:00, the desired value is F 

Thus, the 6-bit adder adds either 1 or DD to D2 according to 
the LSB of XM, and in general could add a value DDO or DD1, 
to alloW any range of DD from negative to positive to be 
accommodated. 

FIG. 3 depicts this algorithm for compression by iterating 
the process of taking differences betWeen adjacent values. 
The desired values to be stored are initially the 16384 24-bit 
values denoted by f0, f1, f2 . . . , f6 . . . and so on to f(16384). 

A ?rst application of the process of taking differences leaves 
the even values unchanged but each odd value is replaced With 
the difference from the preceding even value. For example, f5 
is replaced by d4If5-f4. For the exemplary smooth function, 
the differences are computed to be at maximum 14-bit long 
values, Which is 1024 times smaller than the original 24-bit 
values. With even smoother functions that are almost a 
straight line, one might expect the difference betWeen tWo 
values separated by only 1/163s4th of the range to be 1/16384 
times smaller than the maximum original value and thus 14 
bits shorted. In general, this shortening of the Word length is 
bound to occur for any smooth function. Thus, in the second 
roW the function values are represented by 8192 pairs of 
values, one being of 24-bits length and the other being of 14 
bits length. 

In the third roW of FIG. 3, the even values denoted by f0, f2, 
f4 . . . and the difference values denoted by d0, d2, d4 . . . are 

shoWn separated to illustrate applying the difference algo 
rithm to the remaining f-values and separately to the d-values. 
The result shoWn in the 4th roW is that every 2'” even value, 
i.e., every 4th one of the original values, noW remains 
unchanged as a 24-bit value, but the even values in betWeen 
such as f2-f0 have become 15-bit differences. Every alternate 
d-value likeWise remains an unchanged 14-bit value While 
those in betWeen such as d6-d4 have been reduced to 6-bit 
second-order differences. NoW the original 16384 24-bit val 
ues have been compressed to 4096 sets of values comprising 
a 24-bit, a 15-bit, a 14-bit and a 6-bit value. 
The process may be iterated until the majority of the values 

are high order differences of only 2 or so bits length. These 
ultimate high order differences form a rather random pattern, 
due to the original 24-bit values having been rounded either 
up or doWn to the nearest 24 binary places. The total siZe of 
the memory reduces according to hoW many times the differ 
ence algorithm is iteratively applied. 

FIG. 4 shoWs the reconstruction logic for a second-order 
difference compression algorithm. The original method of 
storing 16384, 24-bit Words shoWn in the upper picture com 
prises a look up table to Which a 14-bit address is applied. The 
loWer picture depicts the second-order difference compres 
sion technique in Which the look-up table has been reduced to 
4096, 59-bit values. These are addressed using only the most 
signi?cant 12 bits of the original 14-bit address, Which effec 
tively de?ne a group of four values Within Which the target 
value lies. The 59 bits comprising a 24-bit absolute value, a 
15-bit double-spaced difference, a 14-bit single-spaced dif 
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ference and a 6-bit 2'” order difference are applied to respec 
tive adders as shown. The ?rst column of adders is enabled by 
the bit of second least signi?cance to add the 15-bit difference 
to the 24-bit value and to add the 6-bit second order difference 
to the 14-bit difference if the bit is a ‘1’, else, if the enabling 
bit is a ‘0’, the 24 bit value is passed Without adding the 15-bit 
value and the 14-bit value is passed Without adding the 6-bit 
value. The adder of the second column adds the output of the 
?rst tWo adders if the least signi?cant bit of the original 14-bit 
address is ‘1’, else it passes the 24-bit value unchanged. In 
this Way, the tWo least signi?cant bits of the original 14-bit 
address control Which of the group of 4 values is generated. 

Further savings may be made by noting that D2 is almost 
tWice D1, therefore only the 15-bit D2 need be stored plus a 
correction to be applied to the 14-bit value lNT(D2/2):Right 
Shift(D2) in order to obtain the bit exact value of D1. The 
correction is a second order difference represented by D1 
(D2/2), Which, by direct calculation is found to occupy the 
range —1 to 8, requiring 4 bits of storage. Then it may be 
further realiZed that this 2nd order difference is nearly equal 
to 1A of the value DD. Therefore it may be replaced by the 
difference from DD/4, Which by direct calculation has the 
range —1 to +1, requiring 2 bits of storage, and is effectively 
a 3’d-order difference, Which may be denoted DDD. 

Thus to reproduce each of the 16384 24-bit function values 
bit-exact, the stored values comprise 4096 sets of four values 
as folloWs: 

A 24-bit value: F(4i) 

(41)) 
A 2-bit value: DDD(4i):(lNT(D2(4i)/2))—(F(4i+1)—F 

(4i))—lNT(DD(4i)/4) 
The four function values F(4i), F(4i+1), F(4i+2), F(4i+3) are 
then reconstructable bit-exactly from: 

DDD(4i) 
Groups of 4 originally 24-bit values have been replaced by a 
total of 47 bits instead of 96, a compression factor of slightly 
better than 2: 1. 

Vice versa alternatively, the 14-bit D1 only may be stored 
plus a correction to be applied to 2D1 to obtain D2. Thus, 
other arrangements are possible, such as storing 

the 24-bit value F(4i) 
the 14-bit value D1:F(4i+1)—F(4i) 

the 3-bit value DDD:(F(4i+2)—F(4i))—(2D1+lNT(DD/ 4)) 
Which may lead to slightly simpler reconstruction. It Will be 
appreciated that operations such as lNT(DD/4) represent the 
trivial logical function of omitting to use tWo LSBs of DD. 

Before computing a table shoWing compression achieved 
using algorithms of different order, a more systematic version 
of higher order compression Will be developed based on a 
modi?ed Walsh Transform. The Walsh Transform approach 
forms the sum and difference of pairs of adjacent values and 
replaces the original values With the sums and differences. 
For example, in a ?rst iteration to compress data comprising 
f0, f1, f2, and f3, f0 is replaced With s0:f0+f1, fl is replaced 
With f1-f0, f2 is replaced With s2:f2+f3, and f3 is replaced 
With d2:f3 —f2. A circuit that computes the sum and differ 
ence of a pair of values is called a butter?y circuit. 

All of the sums are arranged adjacently folloWed by all the 
differences. The differences as already seen Will be shorter 
Words than the sums. The process is then repeated on the 
block of sum values, and then separately on the block of 
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8 
difference values, each half the length of the original, to 
obtain a second order algorithm and so on for higher order 
algorithms. The highest order algorithm for 16384 values is 
14. At that point the blocks have only one value each and thus 
cannot be compressed further. The 14th order algorithm is in 
fact a 16384-point Walsh Transform, and loWer order algo 
rithms stop at the intermediate stages of the full Walsh Trans 
form. The sum and difference values associated With the ?nal 
iteration are concatenated to form the ?nal compressed values 
stored in memory. It Will be appreciated that the ?nal iteration 
may be any selected iteration, and therefore, is not required to 
be the 14th iteration. 
When forming the sum of tWo 24-bit values, the Word 

length can increase by one bit. HoWever, the sum and the 
difference alWays have the same least signi?cant bit, Which 
can therefore be discarded on one of them Without losing 
information. By discarding it from the sum and using 

(2) 
= RighlShift(f0 + f1) 

instead, the sum is prevented from groWing in length. Upon 
reconstruction, the difference is added to or subtracted from 
the sum and its LSB is used tWice by feeding it into the 
carry/borroW input of the ?rst adder/subtractor stage to 
replace the missing sum LSB. Mathematically, the modi?ed 
transform butter?y can be Written: 

DIFF(i)IF(2i+1)-F(2i) 

and reconstruction can be Written as: 

The above is a modi?ed version of the Well-known “Butter 
?y” operations used in Walsh-Fourier transforms: 

DIFF(i)IF(2i+1)-F(2i) 

and its inverse: 

A Fast, base-2, Pseudo-Walsh Transform (pseudo-FWT) 
may be constructed using the modi?ed Butter?y described 
above to transform groups of tWo adjacent values to a value 
and a delta-value, or groups of 4 adjacent values to a value, 
tWo delta-values a 2nd-order delta-value, and so forth. This 
makes it a systematic process to explore the characteristics of 
and implement higher order algorithms. The FORTRAN code 
for an in-place Pseudo-Walsh transform is given beloW: 
C F IS THE GROUP OF M VALUES TO BE PSEUDO 
WALSH TRANSFORMED 

C AND N:LOG2(M) IS THE ORDER OF THE ALGO 
RlTHM 
SUBROUTINE PSWLSH(F,M,N) 

N2:1 
DO 1 l:1,N 

DO 2 J:1,N1 
LILO 














